expected to increase from a value close to the critical concentration of the plus end to a value closer to the critical concentration of the minus end. This shift has actually been observed (18) , supporting the view that the concentration of GTP-tubulin may vary in vivo.
In contrast with regulatory factors that control microtubule assembly dynamics, tubulin sequestering factors bind tubulin in a non-polymerizable complex. These proteins establish a pool of unassembled tubulin, built at the expense of the microtubule pool and in equilibrium with free tubulin at its steady state concentration. The concentration of sequestered tubulin therefore is governed by the dynamic state of microtubules.
Op18/stathmin is a 17 kDa protein that has been lately revealed to bind tubulin and destabilize microtubules (19) and is negatively regulated by phosphorylation by a variety of kinases (20) (21) (22) (23) (24) (25) . Stathmin plays a crucial role in cell division (26, for review) . It is phosphorylated to a low basal level in interphase and becomes hyperphosphorylated by cyclin-dependent kinases (27) and a polo-like kinase (28) upon entry into mitosis.
Progression through the cell cycle requires phosphorylation of all four serines (ser16, 25, 38 and 63). The phosphorylation level is regulated by PP2A phosphatase during mitosis (29) and dephosphorylation occurs at the end of mitosis (30) . Stathmin sequesters tubulin in a T 2 S complex in which it interacts with two αβ-tubulin heterodimers (31) in a polar αβ-αβ arrangement (32, 33, see 11 for review). Recent chemical crosslinking data indicate that the Nterminal region of stathmin is at the α-end of the αβ↑αβ dimer (34) . Whether the biological function of stathmin is supported by its tubulin-sequestering activity only or by some additional catastrophe-promoting activity, independent from tubulin binding, is not understood yet (35 for review). Conflicting results have been obtained using pseudophosphorylated mutated stathmin (4E-stathmin) in which all four phosphorylatable serines were replaced by glutamate. The 4E-stathmin showed unaltered tubulin sequestering activity, yet it failed to destabilize microtubules in vivo (36) (37) (38) . Mutants affected in the coiled-coil domain of stathmin interacted with tubulin like wild type stathmin, but failed to destabilize microtubules in leukemia cells (36) . When injected in living cells, NH 2 -and COOH-terminal-truncated fragments of stathmin also had different effects on the microtubule lattice, suggesting that different activities of stathmin were carried by different regions of the protein (39, 40) . Finally, 4E-stathmin, which seems to lack the catastrophepromoting activity and to retain unaltered tubulin sequestering activity, is able to disrupt interphase microtubules but not mitotic microtubules (41) . Consistently 4E-stathmin does not prevent normal development of Xenopus embryo (42) . Quantitative measurements of tubulin binding to wild type and mutated (4E) or phosphorylated stathmin, using plasmon resonance (43) or a pull down assay (40, 41) showed that the affinity of stathmin for tubulin was decreased only 3 to 4-fold by the serine to glutamate mutation, and that phosphorylated stathmin had less than two-fold lower affinity for tubulin than 4E-stathmin. It was thought (40, 41 ) that these modest differences in affinity could not account for the large differences in the effects of the various stathmin variants on microtubules in cells.
In contrast with the above studies, much larger differences in affinity for tubulin were observed between wild type, 4E-mutated and phosphorylated stathmins when their effects on nucleotide exchange on tubulin were measured (44) . We thought that the discrepancies regarding stathmin function might originate from the lack of a quantitative evaluation of the tubulin-sequestering activity of the different stathmin derivatives. Here we set up a sequestration assay in which the concentration of free GTP-tubulin coexisting with microtubules at steady state is buffered to any desired value using Taxotere. Using this assay, the affinity of tubulin for the different stathmins differ to a greater extent than in previous measurements. Phosphorylation exerts a regulatory effect on stathmin depending on the concentration of free tubulin. We conclude that the simple sequestering activity of stathmin can support its effects on microtubules in vivo. We tentatively propose that the changes in microtubule dynamics during the cell cycle are associated with variations in the concentration of free tubulin that coexists with microtubules. Changes in the concentration of free tubulin in turn modulate the effect of phosphorylation of stathmin on its sequestering activity.
MATERIALS AND METHODS
Proteins. Phosphocellulose-purified bovine brain tubulin (44) was used. The tubulin used in this work had been kept at -80°C for at most three weeks. Older preparations showed a measurable amount of non-polymerizable material, which increased with ageing. Before each experiment, tubulin was recycled by polymerization at 37°C in M buffer (50 mM MES-KOH pH 6.8, 4 M glycerol, 0.5 mM EGTA, 0.5 mM GTP, 6 mM MgCl 2 ). Microtubule pellets were resuspended in M buffer containing 0.5 mM MgCl 2 on ice and centrifuged at 200,000 x g, 4°C for 10 min to remove aggregates. Tubulin was equilibrated in the desired buffer by Sephadex-G25 gel filtration (PD-10, Pharmacia). Experiments were performed immediately following the above recycling procedure to avoid denaturation of tubulin. Before each experiment it was verified that tubulin polymerized in microtubules that depolymerized at least 95 % at 4 °C.
Recombinant wild type stathmin and 4E-stathmin were expressed in E. coli and purified as described (43) . Stathmin was phosphorylated on serines 16 and 63 by protein kinase A (Sigma) as described (44) .
Determination of the equilibrium dissociation constant for the T 2 S complex.
Spontaneous polymerization of tubulin in microtubules was monitored turbidimetrically at 350 nm in a Cary 1 spectrophotometer using a 1 cm path, 120 µl cuvette thermostated at 37°C.
Experiments were carried out in either glycerol-containing M buffer or in glycerol-free P buffer (0.1 M PIPES-KOH pH 6.8, 0.5 mM EGTA, 0.5 mM GTP, 6 mM MgCl 2 ), or in glycerol-free H buffer (100 mM HEPES-KOH pH 7.4, 0.5 mM EGTA, 0.5 mM GTP, 6 mM MgCl 2 ) in the absence or presence of Taxotere or stathmin as indicated. In preliminary assays, the range of stathmin concentrations was selected so as to cause at most 10 % decrease in the mass of microtubules (see Results section). Polymerization was started by addition of MgCl 2 and Taxotere to the tubulin + stathmin solution which was immediately brought into the prewarmed cuvette. The temperature reached 37°C in less than 15 s. Critical concentration plots were derived from turbidity measurements as described (31) . Parallel samples were polymerized identically in centrifuge tubes placed in a water bath at 37°C, then centrifuged at 300,000 x g for 15 min at 37°C in a TL 100 ultracentrifuge (Beckman). The supernatants were denatured and submitted to SDS-PAGE electrophoresis for evaluation of the amount of The kinetic mechanism of binding of tubulin to stathmin is not known. The TS, ST, and TT species are putative kinetic intermediates, which play an important role in the pathway leading to T 2 S, yet are not detected at equilibrium, because of their low stability (44) .
Equilibrium binding of tubulin to stathmin is described by an extremely cooperative scheme.
2T + S <==> T 2 S
The overall equilibrium dissociation constant of the T 2 S complex is : [
Where K X represents the equilibrium disssociation constant for Taxotere binding to tubulin in microtubules. Table 1 
DISCUSSION
We have developed a novel, non equilibrium-perturbing assay to measure the equilibrium dissociation constant of the tubulin stathmin complex, and to quantitate the differences in stability of the tubulin complexes formed with stathmin, 4E-stathmin and diphosphostathmin. The same assay could be used for other stathmin variants and fragments.
The value of K D is increased by three orders of magnitude by phosphorylation of stathmin, less than 100-fold by serine to glutamate mutation, at pH 6.8 as well as at pH 7.4. Nucleotide exchange measurements (44) [T] 1/2 for stathmin and for its derivatives shows that stathmin is 6-to 7-fold more efficient than 4E-stathmin and 20-to 40-fold more efficient than diphosphostathmin, independently of pH.
These differences are larger than in previous estimates (41) .
Using plasmon resonance (47) 
The results (40) are fully consistent with the additive tubulin-sequestration activities of stathmin and its truncated derivatives, and a catastrophe-promoting activity is not required to account for those data.
vitro, this situation can be handled quantitatively, using the curve representing the change in [T] SS versus free Taxotere (Figure 2 ), but here we preferred to work under simpler conditions where no correction would have to be brought. This simplification is validated by the fact that the same values of K D are found at different concentrations of stathmin. Microtubules were immediately sedimented. The walls of the pellets and tubes were washed, pellets were resuspended in the original volume of buffer and processed for SDS-PAGE and
Western blotting using an anti-stathmin antibody. The blots were revealed using the ECL method. Pellet of sheared and unsheared microtubules display the same content in either stathmin or diphosphostathmin. Comparison with standards shows that this amount
